INTRODUCTION
The developmentally regulated changes in both protein and mRNA synthesis that occur during spore germination in the slime mould Dictyostelium discoideum make this organism a particularly suitable model for studying the regulation of gene expression. The stages in the process of spore germination include activation, post-activation lag, swelling, and emergence of amoebae (Cotter & Raper, 1966) . Germination progresses synchronously and quantitatively in buffer, and requires no exogenous nutrients. A knowledge of the correlation between the biochemical and morphological steps that occur during this process is essential for its full understanding. The isolation and characterization of mutants defective in different stages of spore germination might provide a way of identifying key events that control germination.
A number of mutants have already been described (Ennis & Sussman, 1975) . Some produce spores that do not germinate under the conditions used. One group is defective in activation and another interesting mutant swells normally but fails to release amoebae. A group of temperaturesensitive (ts) mutants has been described, but these have been lost and had not been fully characterized (Kessin & Newell, 1974) .
It is possible to isolate mutant spores from a large population of normally germinated amoebae by selectively lysing the amoebae with detergents (Ennis & Sussman, 1975) . Spores are unaffected by this procedure. The ability to separate spores from amoebae enables us to isolate mutants conditionally defective in spore germination. This communication describes a new class of ts mutants unable to germinate at 27 "C but which behave normally at 19 "C. The mutation is termed spg, for spore germination.
Isolation of ts spore germination (spg) mutants The procedure previously described was used with modifications (Ennis & Sussman, 1975) . Amoebae were mutagenized with N-methyl-N'-nitro-N-nitrosoguanidine (Yanigasawa et al., 1967 ) to about 10% survival. The survivors were allowed to grow on SM agar with bacteria and the resulting spores were collected. Washed spores were activated with dimethylsulphoxide (20%) as previously described (Ennis & Sussman, 1975) and were allowed to germinate in buffer at 27 "C for 24 h, rather than the usual 23 "C. The suspension of amoebae and ungerminated spores was incubated for 1 min with Nonidet P-40 (0.01%, v/v), the lowest concentration of detergent which lyses amoebae. The ungerminated spores were collected by centrifugation (2500 g, 5 min) and plated clonally on SM agar with bacteria. Each clone was individually tested for its germination capacity at both 19 "C and 27 "C (for method see Ennis & Sussman, 1975) . Mutants were recloned and tested again. Ten different spg mutants defective in germination were isolated by this method and three of them are described below. All mutants described in this paper behaved similarly and the mutants were used interchangeably. All the experiments were performed on all the mutants described in the text and the same results were obtained with each mutant. The experiments reported in the figures and tables are the most complete ones of each type done.
Kinetics of germination at 19 "C and 27 "C and synthesis of macromolecules The wild-type strain B germinates well at both 19 "C and 27 "C ( Fig. 1) . At 19 "C, swelling was maximal approximately 3 h after activation, and germination (release of amoebae) was almost complete by about 5 h (Fig. 1 b) . Swelling was much more rapid at 27 "C than at 19 "C, the maximum attained at about 1.5 h (Fig. 1 a) . It is, however, interesting that the rate of emergence of amoebae from swollen spores was slower at 27 "C than at 19 "C ( Fig. 1 a) , but it was equally complete but not until about 6-7 h (data not shown).
New RNA and protein synthesis are required for germination (Cotter et al., 1969; Ennis, 198 1) . The synthesis of these macromolecules started earlier in activated spores incubated at 27 "C than at 19 "C (Fig. 2) . A greater incorporation of [3H]leucine into protein at 27 "C was observed although the rate was identical to that at 19 "C (Fig. 2b) . However, incorporation of [3H]uracil into RNA stopped at about 2.5-3 h at 27 "C ( Fig. 2a) . This is interesting because germination at 27 "C was almost equal to that obtained at 19 "C (55 % vs 85 % emergence at 5 h).
In contrast to the wild-type, mutant spg-1052 did not germinate at the non-permissive temperature of 27 "C, although germination was good at 19 "C (Fig. 3a) . It is noteworthy that synchronization of germination in the mutant at 19 "C was not as good as observed in the wildtype (Fig. 1 b) . In this experiment, mutant spores were activated as usual with dimethylsulphoxide. One portion was incubated at 19 "C for the duration of the experiment and served as the control; other portions were removed from the same flask at zero time, after 45 min and after 120 rnin and incubated at 27 "C in separate flasks. For simplicity, germination is defined in Fig. 3 (b) as the percentage of swollen spores plus amoebae present at the indicated times. Activated spores incubated at 27 "C from zero time and spores shifted from 19 "C to 27 "C at 45 rnin after activation did not germinate. In contrast, spores shifted from 19 "C to 27 "C at 120 min after activation germinated reasonably normally at the non-permissive temperature. The synthesis of protein and RNA was followed in the same experiment. As shown in Fig. 4 , protein and RNA synthesis took place only in the control activated spores incubated continuously at 19 "C, and in those shifted to 27 "C at 2 h. No synthesis (or very little) was observed in spores shifted to the non-permissive temperature at 0 rnin and at 45 rnin after activation and incubation at 19 " C. It Time after activation (h) Fig. 1 . Kinetics of germination of wild-type D..discoideum spores, (a) at 27 "C, (b) at 19 "C. The spores were activated at 23 "C with dimethylsulphoxide as previously described (Ennis & Sussman, 1975) , and suspended in phosphate buffer. The appearance of swollen spores (0) and amoebae ( 0 ) was monitored microscopically. Fig. 2. (a) RNA synthesis, and (b) protein synthesis during germination of wild-type spores at 19 "C and 27 "C. Spores were labelled with [3H]leucine or [3H]uracil immediately following activation as previously described (Giri & Ennis, 1977 , 1978 . Samples (1 ml) representing 8-6 x lo6 spores were removed at the indicated times and incorporation into hot (for leucine) or cold (for uracil) TCAinsoluble material was determined. This is the same experiment as that in Fig. 1 . 0 , 19 "C; a, 27 "C. is noteworthy that RNA synthesis (Fig. 4a) , as was observed in Fig. 2(a) , was much less in the spores shifted to 27 "C at 2 h, than in the control incubated continuously at 19 "C.
These results indicated that there is a critical temperature-sensitive step in germination, and if it is allowed to occur, germination will proceed normally at the non-permissive temperature. In order to define this critical time more closely, a similar experiment as outlined in Fig. 3 (b) was performed, except that spores incubated at 19 "C after activation were shifted to 27 "C at 0, 30, 60,90, and 120 min. As is clear from the results in Table 1 , this critical time was between 60 and 120 min at 19 "C.
Activated spores can be deactivated by incubation for a period of time in the cold after activation (Cotter et al., 1976) . These spores do not lose their viability after deactivation, but must be reactivated in order to germinate. The deactivation of activated spores at 27 "C was investigated. In this experiment, activated spores were incubated at 27 "C and portions were taken and incubated at 19 "C at intervals of up to 2 h. Germination was determined at 4 h from the time of initial activation (the same results were obtained after overnight incubation). The data, summarized in Table 2 , show that incubation of activated spores at the non-permissive Fig. 4. (a) RNA synthesis, and (b) protein synthesis during germination of spg-1052 spores at 19 "C and 27 "C. This is the same experiment as that in Fig. 3 . Incorporation of labelled precursors into protein and RNA was performed as described in the legend to Fig. 2. A, Spores shifted to 27 "C at both 0 and 45 min; 0 , spores incubated at 19 "C for the duration of the experiment; and 0 , spores removed from 19 "C at 120 min and incubated at 27 "C.
temperature deactivated the spores. The fraction of spores eventually germinating at 19 "C decreased as the duration of incubation at 27 "C prior to the shift to 19 "C increased. The deactivated spores could be reactivated by the usual procedure using dimethylsulphoxide, therefore, they were viable (data not shown).
Growth and development of spg mutants at 27 "C It was previously reported that a number of temperature-sensitive spore germination mutants were also temperature-sensitive for growth (Kessin & Newell, 1974) . The ability of the mutants to grow at 27 "C was tested by plating them clonally on SM plates with bacteria. Duplicate plates were incubated at both 23 "C and 27 "C and the plaques that appeared were counted 3-4 d later.
(No incubator at 19 "C was available; therefore, the permissive temperature of 23 "C was used.) A number of known ts growth mutants were used as controls. The data presented in Table 3 show that the spg mutants grew as well at 27 "C as at 23 "C, whereas the ts growth mutants grew only at the permissive temperature. (The plaques were somewhat smaller at 27 "C than at 23 "C.) Fig. 3 . Kinetics of germination of spg-1052 at 19 "C and 27 "C. The general procedure for activation and sampling is that described in the legend to Fig. 1. (a) Kinetics of spg-1052 spore germination at 19 "C; 0 , swollen spores; 0 , amoebae. (b) In this experiment, a portion of activated spores was incubated at 19 "C for the duration of the experiment (0); other portions were removed from the same flask after 0 min or 45 min ( x ), and 120 min ( 0 ) and incubated at 27 "C in separate flasks. Germination is scored as the percentage of swollen spores plus amoebae present at the indicated times. Table 1 . Eflect of shgt to 27 "C on germination of spg-10.50 spg-1050 spores were activated as usual, the spores were incubated at 19 "C after activation and portions were withdrawn and shifted to 27 "C at the indicated times. Germination was scored as amoebae plus swollen spores at 4.5 h after activation, and was 74% in the control incubation (= 100% in the Table) . Table 2 . Deactivation of spg mutants at 27 "C The spores were incubated at 27 "C after activation and portions were withdrawn and shifted to 19 "C at the indicated times. Germination was scored as amoebae plus swollen spores at 4 h after activation, and was 89% for spg-1051 and 85% for spg-1052 (= 100% for the respective controls in the Table) . Table 3 . Growth of mutants at 23 "C and 27 "C The strains were plated clonally on SM plates with bacteria. Duplicate plates were incubated at both 23 "C and 27 "C and the plaques that appeared 3-4 d later were counted. Spores from the ts growth mutants germinated in buffer after activation equally at 19 "C and 27 "C (data not shown) indicating that they were not temperature-sensitive in germination. In addition, the spg mutants developed normally at 27 "C and the final fruiting bodies formed were normal (data not shown).
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DISCUSSION
The isolation and characterization of mutants defective in spore gemination is the first step in dissecting the germination pathway and defining the genes involved and the biochemical and H . L . ENNIS morphological stages that occur. The morphological steps in the process of spore germination after activation include swelling and emergence of amoebae (Cotter & Raper, 1966) . Although the process appears to be morphologically simple, it is evident that at the molecular level complex biochemical changes accompany the sequence of morphological events (Dowbenko & Ennis, 1980; MacLeod et al., 1980) . A study of mutants defective in germination can be useful because they result in specific blockages in the germination pathway, and because of this, we can perhaps use the mutants to identify critical enzymes necessary for orderly progression of germination.
We previously described three classes of germination-defective mutants (Ennis & Sussman, 1975) which are not temperature-sensitive: the first class (a) produces spores that do not initiate swelling; the second (b) contains spores that swell normally but the amoebae do not emerge; and the third class (c) is defective in activation. An additional group which was temperature sensitive was reported (Kessin & Newell, 1974 ), but they have been lost (R. H. Kessin, personal communication) and were not fully characterized.
The ts mutants (spg) described in this investigation germinate normally at 19 "C but are defective at 27 "C. When activated spores from mutants were shifted to the non-permissive temperature immediately after activation, germination did not occur (Fig. 3 b; Table 1 ). However, a different result was obtained when the activated spores were incubated at 19 "C for various times prior to shift to 27 "C. Apparently there is a critical temperature-sensitive step in germination which, when allowed to occur at the permissive temperature, results in normal germination even at 27 "C (Fig. 3 b ; Table 1 ). This occurs somewhere between 60 and 120 min at 19 "C.
Deactivation of activated spores by incubation in the cold was previously reported (Cotter et al., 1976 ). The present investigation shows that deactivation of the spg mutants can occur when activated spores are incubated at 27 "C prior to shift-down to the permissive temperature ( Table  2 ). The fraction of spores eventually germinating at 19°C decreased as the duration of incubation at 27 "C prior to the shift to 19 "C increased. The deactivated spores did not lose their viability because they could be reactivated in the usual way.
It was previously reported that some temperature-sensitive germination mutants were simultaneously temperature-sensitive for growth (Kessin & Newell, 1974) . No mutants of this group were found among those examined here (Table 3) ; all the temperature-sensitive germination mutants grew normally at 27 "C, and in addition developed normally.
Synthesis of both RNA and protein is required for emergence of amoebae from spores (Cotter et al., 1969; Ennis, 1981) . RNA and protein synthesis occurred only when normal germination occurred (Figs 2 and 4 ). An interesting but unexplained observation was that RNA synthesis was inhibited at 27 "C during wild-type germination, even though protein synthesis was unaffected (Fig. 2a) . Total incorporation into RNA was inhibited compared to 19 "C, but germination was normal. Whether this inhibition is a selective inhibition of specific kinds of RNA is not known.
All the mutants described in this study behaved similarly. Although they were only characterized in a superficial manner, the data indicate that only one class of mutants was isolated. The isolation of what is apparently only one class of mutants is disappointing, but may mean that other isolation methods are needed to get other types of mutants. Perhaps the detergent method used selects for only one group of mutants. We are presently attempting to isolate mutants by another simple method which involves the selection of ungerminated spores from a population of germinated amoebae by separation in Percoll gradients, which do not require addition of detergents.
